Homo sapiens are genetically diverse, but dramatic demographic and socioeconomic changes during the past century have created further diversification with respect to age, nutritional status, and the incidence of associated chronic inflammatory disorders and chronic infections. These shifting demographics pose new challenges for vaccination, as emerging evidence suggests that age, the metabolic state, and chronic infections can exert major influences on the immune system. Thus, a key public health challenge is learning how to reprogram suboptimal immune systems to induce effective vaccine immunity. Recent advances have applied systems biological analysis to define molecular signatures induced early after vaccination that correlate with and predict the later adaptive immune responses in humans. Such "systems vaccinology" approaches offer an integrated picture of the molecular networks driving vaccine immunity, and are beginning to yield novel insights about the immune system. Here we discuss the promise of systems vaccinology in probing humanity's diverse immune systems, and in delineating the impact of genes, the environment, and the microbiome on protective immunity induced by vaccination. Such insights will be critical in reengineering suboptimal immune systems in immunocompromised populations.
Vaccinating Obstinately Diverse Populations
Vaccines represent one of the greatest public health achievements of the 20th century. Vaccination programs during the last century have resulted in the global eradication of smallpox and the near eradication of polio, and exerted a dramatic impact on reducing the morbidity and mortality caused by infectious diseases, such as measles, rubella, tetanus, diphtheria, and Haemophilus influenzae type b (1). Furthermore, vaccinationthrough the control of infectious diseaseshas contributed to a striking increase in life expectancy in many countries from about 40 y in 1900 to more than 80 y today (2) . Although these impressive achievements will no doubt continue in the present century, vaccinologists face several new challenges. First, as reviewed extensively recently, the development of vaccines against global pandemics, such as HIV, malaria, tuberculosis, and dengue has been stymied by the unique set of challenges posed by these pathogens (3, 4) . These challenges require a deeper understanding of the interaction between the pathogen and the host immune system, and a clearer definition of types of immune responses necessary to confer protective immunity.
Second, a major emerging challenge for vaccinologists is learning how to vaccinate what Sir Peter Medawar once termed "obstinately diverse populations" (5) . Medawar was referring to genetic diversity, but dramatic demographic and socioeconomic changes during the past century have diversified the human species now, more so than ever before. Thus, the world is polarized with respect to several parameters, such as the nutritional status and age of its citizens, the incidence of chronic inflammatory disorders, and chronic infectious diseases. One in six children in developing countries is underweight, and up to one in three are stunted because of inadequate nutrition (6) . In contrast, the success of vaccines in improving morbidity and mortality has allowed more children to grow to adulthood, with the potential for development of chronic diseases and conditions. For example, there has been a drastic increase in obesity and an array of associated disorders, such as insulin resistance type 2 diabetes, cardiovascular diseases, as well as diseases associated with low-grade chronic inflammation such as cancer (7, 8) . Indeed, according to estimates from the World Health Organization (WHO), more than 1 billion adults worldwide are overweight and some 300 million people are clinically obese (8) . The percentage of children aged 6-11 y in the United States who were obese increased from 7% in 1980 to nearly 18% in 2012 (9) . Furthermore, there has been a major shift in the age distribution of populations. The WHO estimates that the percentage of individuals over 60, which was only a few percent in 1900, will reach nearly 25% by 2050 (www.who. int/ageing/about/facts/en/). These shifting demographics in the age distribution and the rise in the incidence of obesity and metabolic disorders pose new challenges for vaccination, as emerging evidence suggests that age (10) and the metabolic state of individuals can exert major influences on the immune system (8, 11, 12) . This diversity in the physiological states of the human species is further enhanced by the increasing incidence of allergic disorders, such as asthma and allergic rhinitis, food allergies, and eczema (13, 14) , as well as autoimmune diseases (14) .
Emerging evidence suggests that vaccines induce suboptimal immunity in some special populations; therefore, a major challenge is learning how to design vaccines that induce protective immunity in populations with diverse immune systems. Here it is important to note that host genetics, as well as the human microbiome and other environmental influences, may impact immunity (15) (16) (17) . Indeed, genes, the microbiome, and environmental cues (such as diet, allergies, and psychological stress) represent interacting variables that impinge on the physiology of the host, including immunity to infections and vaccination. These challenges demand a deeper understanding of the molecular networks that drive immunity to vaccination in diverse human populations. More recently, systems biological approaches have been developed that allow exploration of the complex, interconnected networks involved in immune responses to vaccines (3, (18) (19) (20) (21) . Specifically, systems approaches have been
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used to predict vaccine immunogenicity and are beginning to offer novel insights into the mechanisms of action of vaccines (22, 23) . This emerging science of "systems vaccinology" has the potential to transform the field in enabling the identification of the multifactorial signatures associated with immunological protection and providing clues to protective mechanisms in diverse populations (Fig. 1) . In this review, I discuss recent advances in systems vaccinology, and then discuss its potential application in identifying signatures of vaccine efficacy in clinical trials and in enabling rational vaccine design.
Systems Vaccinology: Predicting Vaccine Efficacy
Vaccines represent a diverse range of immunologic stimuli (live viruses, bacteria, carbohydrates, recombinant proteins) and are administered to millions of people every year. Vaccination results in a precisely synchronized perturbation of the immune system, and the ability to obtain blood samples from a vaccine at intervals provides an opportunity to study the ensuing immune response from the earliest few minutes to several decades after vaccination. Therefore, vaccines offer an efficient means to probe the immune system in humans.
Recent advances have used the tools of systems biology to probe the immune response to vaccination in humans (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) . Novel systems biology techniques allow integration of hierarchical levels of information, leading to a deconvolution of the complexity of biological systems (33) . These approaches include "omics" measurements, such as genomic, transcriptomic, proteomic, metabolomic, and lipidomic technologies.
Immunologists have begun to apply such "omic" technologies to make systems-wide measurements of immune responses, and use computational approaches to identify molecular signatures (e.g., patterns of gene expression induced after vaccination) that correlate with and predict subsequent adaptive immune responses (22) (23) (24) . The ability to predict vaccine immunity offers a solution to a major challenge in vaccinology: to prospectively determine vaccine efficacy. This ability is of considerable public health importance in identifying "nonresponders" in special populations in which a vaccine may induce suboptimal immunity. In addition, it would be great value in clinical trials, in providing a rapid means to assess vaccine efficacy, without the need to assess the incidence of the target disease in vaccinated versus unvaccinated populations or subgroups of vaccinated populations.
The first examples of the application of systems biology to understanding vaccineinduced immune responses came from studies with the yellow fever live-attenuated vaccine YF-17D, one of the most successful vaccines ever developed (22, 24) . YF-17D is a liveattenuated virus, derived several decades ago from the pathogenic strain of yellow fever (19) . A single immunization with YF-17D stimulates robust antigen-specific CD8 + T cells and neutralizing antibody responses that persist for several decades (19, 34) . Thus, YF-17D represents a "gold standard" vaccine. We (22) and Sékaly and colleagues (24) did independent studies in which we performed transcriptomic analysis of peripheral blood mononuclear cells (PBMCs) isolated 3 to 7 d after vaccination of healthy healthy young adults with YF-17D. Both studies revealed a pattern of gene expression profile consisting of genes encoding proteins involved in antiviral sensing and viral immunity, including the type I IFN pathway. This finding is consistent with the fact that vaccination with YF-17D causes an acute viral infection.
Using computational analysis we could identify signatures of gene expression, induced 3 or 7 d after vaccination, which correlated with the magnitude of the later antigen-specific CD8 + T-cell and neutralizing antibody responses (22) . We subsequently used machine-learning techniques to validate the predictive capacity of such signatures by assessing their ability to predict the magnitude of the CD8 + T-cell and neutralizing antibody response in an independent clinical study with subjects vaccinated with YF-17D. Importantly, our recent work demonstrates the functional relevance of one of the genes contained within the predictive signatures, eukaryotic initiation factor-α kinase 4 (EIF2AK4), in programming dendritic cells to stimulate CD8 + T-cell responses (22) . In the case of neutralizing antibody responses, a different gene signature was found to be predictive. One of the genes within this signature was TNFRSF17, which encodes the receptor for the B-cell growth factor BLyS-BAFF, which is known to play a key role in the differentiation of plasma cells (35) .
This study provides proof-of-concept evidence that systems approaches could indeed be used to identify early "signatures" that could predict the later immunogenicity of the vaccine. At the time, this was a surprising result, as it was unclear whether there would be any detectable signature in the blood, in response to a vaccine that was administered subcutaneously. In retrospect however, the identification of molecular signatures in the blood, capable of predicting immunity to YF-17D, was perhaps not unexpected because Fig. 1 . Systems vaccinology approaches to probe humanity's immune systems. Genes, the environment, and the microbiome are three interdependent determinants of human physiology. Variations in each of these three determinants impact fundamental aspects of physiology, such as aging, nutritional status, and susceptibility to chronic infections and autoimmunities and allergies, and result in a staggering diversity of human physiologies. Recent studies have applied systems biological approaches to understand the molecular networks driving immune responses in humans. Such systems vaccinology approaches will be of great value in probing humanity's diverse immune systems, and in enabling the rational design of vaccines that can induce effective immunity in special immunocompromised populations.
vaccination results in an acute viral infection in which blood cells come into direct contact with the virus. This finding raised the question of whether this approach could be used to predict vaccine immunity in other vaccines, particularly inactivated vaccines. We and others therefore extended this approach to studying immunity to the trivalent inactivated seasonal influenza vaccine (TIV) (23, 26, 28) and the live-attenuated seasonal influenza vaccine (LAIV) (23) . TIV is an inactivated nonreplicating vaccine administered intramuscularly and LAIV is a live-attenuated vaccine administered intranasally; it was thus of interest to determine whether signatures could be detected in the blood in response to such vaccines and, if so, whether such signatures were similar to that induced by YF-17D and capable or predicting the subsequent immune response. To address these issues, we performed a systems analysis of responses to TIV and LAIV in young healthy adults over three consecutive influenza seasons (23) . TIV induced higher antibody titers and more plasmablasts than LAIV did. Consistent with the fact that LAIV results in a viral infection in mucosal tissues, vaccination of humans with LAIV induces a robust type I IFN antiviral transcriptomic signature. Vaccination with TIV also induced some genes encoding type I IFNs and related proteins, as well as genes encoding proinflammatory mediators (23) .
In subjects vaccinated with TIV, consistent with studies by Bucasas et al. (26) and Obermoser et al. (29) , there was enhanced expression of genes involved innate sensing of viruses and antiviral responses within 1-3 d after vaccination (23) . This was followed 3-7 d later by the expression of genes known to be involved in the differentiation of plasmablasts (e.g., TNRSF17, genes such as XBP-1, which regulate the unfolded protein response) was highly correlated with-and predictive of-the magnitude of the hemagglutin titers after 28 d, in independent studies done in previous or subsequent years (23) . Of particular interest was the expression of the gene encoding calmodulin-dependent protein kinase IV (CaMKIV) at day 3, which was inversely correlated with later antibody titers. Vaccination of CaMKIV-deficient mice with TIV induced enhanced antigen-specific antibody titers, which demonstrated an unappreciated role for CaMKIV in the regulation of antibody responses (23) . This "plasmablast signature" and its capacity to predict antibody titers has been confirmed by several groups (29, 31, 36) .
Recent studies have attempted to identify baseline signatures that can predict vaccine immunogenicity. Tsang et al. (36) analyzed PBMC transcriptomes and FACS analysis of cell subpopulation frequencies in 63 individuals before and after vaccination with TIV, and strikingly they could identify a baseline signature constructed with data from FACS analysis alone, which was capable of predicting the magnitude of the later antibody response to the vaccine. This result raises the prospect of predicting the outcome of vaccination, before immunization.
Finally, a key question is whether there are "universal signatures" of immunity to vaccines. For example, since in the case of antibody responses, certain aspects of the sequelae of immunological events (e.g., innate sensing of vaccine by dendritic cells and other innate cells, T-cell expansion, B-cell expansion, generation of plasmablasts) that lead to antibody production may be conserved between different vaccines, it could be argued that there may be overlapping signatures of antibody responses to different vaccines, that are detectable in the blood. However, because different vaccines trigger distinct innate receptors [e.g., YF-17D activates the Toll-like receptors (TLR) 2, 3, 7, 8, 9, and the RNA helicases RIG-I and MDA-5 (22, 37); LAIV triggers TLR7 (38, 39) and vaccines containing bacterial carbohydrates trigger TLR4 (27) ], there may be expected to be different signatures of innate activation. To address this issue we performed a comparative systems analysis of signatures induced by different types of vaccines [YF-17D, TIV, the carbohydrate meningococcal vaccine (Menimmune), and the conjugate meningococcal vaccine (Menectra)] to see whether there are common predictors of antibody responses (27) . A striking observation was that in contrast to what was observed with YF-17D, LAIV, and TIV, only a small number of genes was found to be differentially expressed 3 d after vaccination for Menimmune and Menectra, and at 7 d for Menimmune. To address this issue, we did a large-scale network integration of publicly available human blood transcriptomes and systemsscale databases in specific biological contexts and deduced a set of blood transcription modules (BTMs). Those modules revealed distinct transcriptional signatures of antibody responses to different classes of vaccines. Thus, recall antibody responses to inactivated vaccines (e.g., TIV and diphtheria toxoid component of Menectra) were highly correlated to BTMs induced at day 3 or day 7, which contained genes associated with plasmablast differentiation. In contrast, antibody responses to a live virus such as YF-17D were highly correlated BTMs associated with antiviral and type I IFN responses.
Furthermore, the antibody responses to the carbohydrate components of Menimmune or Menectra were highly correlated with BTMs containing genes associated with inflammatory responses. These results highlight the fact that there are unlikely to be "universal signatures" of antibody responses to vaccines, but rather that different types of vaccines may have distinct signatures. Clearly further work with many more vaccines and greater numbers of subjects is necessary to address this issue definitively.
Application of Systems Approaches in Clinical Trials
To what extent systems vaccinology approaches are likely to be of value in defining correlates of protection in vaccine development has received much attention lately (18, 40, 41) . Although the magnitude of the antibody response has been considered to be the correlate of protection for many vaccines, for diseases such as HIV, malaria, and tuberculosis we lack any real correlates. In the case of many vaccines, humoral immunity may not be the only or even the relevant correlate of protection. For example, for varicella vaccines, although efficacy is usually determined by measuring antibody titers, persistent varicella-specific T cells have been suggested as possible additional or alternative correlates of protection in children and the elderly (42, 43) . Furthermore, in the case of seasonal influenza vaccines, although a serum HAI antibody titer of 1:40 is now widely accepted as a correlate of protection for immunity induced by inactivated influenza vaccines (44) , no such immune correlate of protection has been identified for LAIV. Furthermore, such serological correlates are measured several weeks or months after vaccination, and efficacy studies for vaccines with unknown correlates can take years. Thus, the identification of correlates induced within a few days after vaccination or even at baseline will be of great value in accelerating vaccine testing in clinical trials. Therefore, the integration of systems approaches into clinical trials maybe useful in helping identify early predictors of efficacy, and accelerate the vaccine testing pipeline by allowing larger numbers of vaccine candidates to be screened more rapidly. Here it is worth considering different scenarios concerning vaccines with or without known correlates of protection and for which challenge models are available.
Vaccines with Known Correlates of Protection. For vaccines where the correlate of protection is established, such as TIV (44), systems approaches can be used to identify signatures induced rapidly after vaccination, which predict the later immune response, similar to what has been done with the recent studies with YF-17D and TIV (Fig.  2, Upper Right) . This would facilitate the rapid screening of nonresponders in special populations.
Vaccines for Which Challenge Models
Are Available. In some rare cases, as is the case with the malaria RTS,S vaccine, small phase 1 clinical trials can be conducted in which vaccinees can be challenged with the pathogen to assess efficacy (25) . Such studies allow a careful dissection of the correlates of protection. Indeed, recent work has begun to use systems approaches to define the correlates of protection against RTS,S (25). In such cases, it is important to confirm the predictive capacity of such signatures using machine learning techniques, in repeated and iterative small phase 1 trials (Fig. 2, Left) . Once a correlate has been thus rigorously defined in these phase 1 trials, then the signature can be used to rapidly predict vaccine efficacy in larger phase II and III trials.
Vaccines for Which There Are No Known
Correlates. This is the most challenging scenario, but retrospective nested case-control studies can be done to decipher correlates. For example, in the recent RV144 HIV 1 vaccine efficacy trial, the estimated efficacy of a vaccine against acquisition of HIV 1 was 31.2%. Haynes et al. performed a nested casecontrol analysis to identify correlates of risk from infection (45) . Their analysis revealed that the titer of the IgG binding antibodies against the variable regions 1 and 2 (V1V2) of HIV-1 envelope at week 26 after vaccination, was inversely correlated with the rate of HIV 1 infection. Conversely, the titer of IgA binding antibodies in the plasma was directly correlated with rate of infection. Although these results need to be confirmed in additional studies, they provide a starting point for systems analysis of correlates. For example, are there signatures induced within a few days after vaccination that correlate with the magnitude of the binding antibody response to V1V1 of Env? If so, then the efficacy may be predicted within a few days of vaccination, not 26 wk later (Fig. 2, Lower Right) . To what extent such approaches will be successful in predicting vaccine efficacy in clinical trials remains to be tested.
Gnostic Predictors: From Data ➔ Knowledge ➔ Understanding A major challenge in systems vaccinology, and indeed for systems biology in general, is learning how to extract knowledge and eventually understanding from a "sea of data" (46) . The identification of signatures that predict vaccine efficacy does not necessarily provide any mechanistic insights of how that vaccine stimulates protective immunity. This issue of developing knowledge-based gene-expression predictors [gnostic predictors (47) ] has been recently discussed. One approach to this problem is to use analytical approaches to identify predictors that consist, not of sets of single genes that reach a certain statistical cut off, but rather a group of biologically related genes that are coordinately regulated in response to vaccination. Examples of such approaches include gene-set enrichment analysis (48) , which has been widely used to reveal biologically meaningful differences in response a given stimulus, based on the coordinated regulation of biologically related genes. Such efforts have been enhanced by the development of tools for analysis of pathways. These tools include pathway annotations, such as the Kyoto Encyclopedia of Genes and Genomes (49), the National Cancer Institute-Pathway Interaction Database (50), the Molegular Signatures Database (MSigDB) (48) , and Reactome (51) . Efforts of manual curation of immune pathways are ongoing at the Innate Database and MSigDB (52) . An alternative approach is to learn immune responses from existing data in the form of gene modules (27, 53) .
Although such tools are of great value, ultimately it is human knowledge and intuition together with experimental validation, which are perhaps the most effective means of extracting biological insights from gene signatures. Thus, the creation of novel hypotheses based on the data, and experimental validation of such hypotheses is of paramount importance, and is already beginning to yield new insights. For example, in our study with the YF-17D (22) , vaccine induced expression of EIF2AK4 [eukaryotic initiation factor 2 α-kinase 4, also known as general control nonderepressible 2 kinase (GCN2)] in PBMCs was found to correlate strongly and be predictive of the later CD8 + T-cell response. GCN2 is a sensor of amino acid starvation in mammals and is a key mediator of the "integrated stress response" (54, 55) . GCN2 is activated by conditions of amino acid starvation and regulates protein synthesis through phosphorylation of eukaryotic translation initiation factor 2α (eIF2α). The phosphorylation of eIF2α shuts down translation of mRNA and polysome formation and induces the formation of stress granules, which are small cytoplasmic vesicles that contain untranslated mRNA (56) . Despite its key role in nutritional sensing and the stress response, GCN2's role in mediating immune response is poorly understood. The fact that its early expression was a strong predictor of immunity to vaccination raised the possibility that it may play a role in innate programming of adaptive immunity. Subsequent work in mice revealed a fundamental role for virus induced GCN2 activation in programming dendritic cells to initiate autophagy and enhanced antigen presentation to CD8 + T cells (57) . These results reveal an unappreciated link between activation of a nutritional sensing pathway in dendritic cells and the adaptive immune response. A key question concerns the evolutionary significance of coupling a nutritional sensing pathway with innate control of adaptive immunity. One possibility is that such a mechanism evolved to sense the "footprints of infection": nutritional depletion in the local microenvironments where pathogen replication occurred. Alternatively, such a mechanism may have evolved to amino acid depletion in sites of tumor replication, resulting in antitumor immunity.
Another unexpected insight emerged from our studies with TIV in which we observed an intriguing correlation between the expression of TLR5 in PBMCs isolated 3-7 d after vaccination, and the magnitude of the antibody responses at day 28 (23) . This finding was curious because TLR5 is a sensor of bacterial flagellin and is not known to play any role in viral immunity. Our initial hypothesis was that the commercially available TIV contained contaminants that activated TLR5. However, this was experimentally shown not to be the case. Nevertheless, vaccination of mice deficient in TLR5 with TIV resulted in a markedly reduced antibody response relative to control mice. We investigated whether the intestinal microflora may signal through TLR5 to enhance antibody responses to vaccination. Consistent with this finding, antibiotic treatment of mice before vaccination or vaccination of germ-free mice resulted in greatly impaired antibody responses to TIV. These results reveal a striking role of the intestinal microbiota in regulating immunity to vaccination.
In addition to these results, several other interesting insights about the molecular circuitry of the immune responses to vaccination are emerging. For example, the studies with TIV have revealed an inverse correlation between the early expression of the gene encoding CaMKIV and hemagglutinin titers at day 28 (23) . CaMKIV is a calcium/calmodulin-dependent serine/threonine kinase. Some members in this family, such as CaMKI and CaMKII, are ubiquitously expressed, but CaMKIV is chiefly expressed in cells of the nervous system and the immune system (58, 59) . CaMKIV has been known to be involved in neuronal memory, but its impact on immune responses is poorly understood. The inverse correlation between CaMKIV expression and antibody responses led to the hypothesis that CaMKIV may suppress the antibody response to influenza vaccination.
Vaccination of Camk4
−/− mice resulted in enhanced antibody responses to TIV (23) . The precise mechanism of this is under investigation. These observations highlight the utility of systems biological approaches in stimulating novel insights about the workings of the immune system. This type of gene-by-gene analysis of function is beginning to provide many additional insights but a major challenge is the relatively large number of genes contained within predictive signatures. The approach of validating the function of genes one at a time using knockout mouse models is not optimally suited to validate large numbers of genes. However, the recent development of highly parallel assessment of gene function, such as shRNA vectors or pools of siRNA, allow a more rapid functional validation of larger gene sets in vitro, and the consequent delineation of gene regulatory circuits (60) (61) (62) . Such an approach is likely to yield a broad and integrated view of the complex processes set in motion by injection of a vaccine. Here the challenge is a relevant surrogate in vitro read out for in vivo vaccine immunity.
Confounding Variables: Genes, Microbiota, and the Environment
The physiological states of humans are determined by the complex interplay between genes and environment. The evidence for the influence of host genetics on vaccine immunity comes from studies of identical twins. In one such study, immune responses to bacillus Calmette-Guérin, polio, hepatitis B, diphtheria, pertussis, and tetanus vaccines were measured at 5 mo of age in 207 pairs of Gambians recruited at birth. Both monozygotic and dizygotic twins were studied to delineate the genetic versus environmental components. There was a high heritability for antibody responses to hepatitis B (77%), oral polio (60%), tetanus (44%), and diphtheria (49%) (63) . Other similar studies have assessed the influence of genetics on vaccine induced immunity and found these to be variable, ranging from 39-89% heritability (64) (65) (66) (67) . However, the interpretation of such data is confounded by several variables, such as age, sex, pre-exposure to the vaccine or pathogen, and other environmental factors. Furthermore, the identities of the particular genes that mediate heritability to a given vaccine are largely unknown. There have been several studies that have assessed the influence of candidate gene polymorphisms on immune responses to vaccination, and recently studies are beginning to use the genome-wide association studies approach, but such studies are still in their infancy (reviewed in ref. 67 ). Replication of results in independent studies is needed and importantly the functional relevance of genes identified in such studies to vaccine immunity, remain largely unexplored.
Emerging evidence also points to an important role for the host microbiome in exerting a major influence on the metabolic state, and contributing to anomalies such as obesity (16, 68) . The dynamic interplay between host genetics, the environment and the microbiome can generate a staggering diversity of metabolic states in humans, manifest in conditions, such as aging, obesity, starvation, and susceptibility to allergies and infections (16) . These three variables are also interdependent: genes may control susceptibility to environmental stimulants, such as high fat diet and allergens, and the expression of genes can be influenced by the environment and microbiome. The composition of the microbiome can be controlled by environmental conditions, such as diet, and it in turn may influence susceptibilities to environmental triggers, such as allergens and diet (16) . Therefore, it is the intricate interplay between these variables that results in a particular metabolic state, and a key question is how immunity to vaccination is affected by such metabolic states. There are several studies documenting impaired immune responses associated with obesity (69, 70) and undernutrition (71) (72) (73) . Systems vaccinology offers a promising way to dissect the molecular mechanisms that result in impaired vaccine immunity in such abnormal conditions. This issue is of importance now, more so than ever before, because of dramatic increases in conditions such as obesity and its associated metabolic disorders.
Recent evidence suggests a very robust connectivity between the metabolic and immune systems (8, 11) . The metabolic system represents one of the most ancient homeostatic systems that are capable of responding to the most primal of environmental perturbations: changes in nutrient or oxygen conditions or other such perturbations. Mammals have evolved sensors of various such environmental stress signals-for example GCN2, protein kinase R-like endoplasmic reticulum kinase, and heme-regulated inhibitor kinasethat can sense such changes in environmental conditions and orchestrate responses like the integrated stress response (56) . Subsequently, in evolution when cells evolved pathogensensing mechanisms, it is possible that some of the sensors and mechanisms that had evolved to detect metabolic changes were co-opted into the pathogen-sensing mechanism. Our recent finding that GCN2, a sensor for amino acid starvation, is also capable of orchestrating immunity to viral vaccines is one example of this concept (57) . In addition, emerging evidence suggests that obesity results in chronic low grade inflammation leading to metabolic disorders. Excess nutrients induce stressed protein assembly pathways in the endoplasmic reticulum, leading to secretion of proinflammatory cytokines by adipocytes (8, 11, 12) . This process results in the recruitment of inflammatory cells, such as proinflammatory macrophages leading to an inflammatory cascade. In the central nervous system, inflammatory cytokines inhibit leptin signaling and perturb energy balance. The impact of any of these pathways on the development of vaccine immunity and immunological memory is poorly understood and should be a focus of systems vaccinology studies.
A critical factor in the relationship between obesity and inflammation is the intestinal microbiome. It is known that the intestinal microflora of obese individuals differs from that of healthy individuals (16, 68) , and consistent with this mice deficient in TLR5 contain a distinct composition of microflora that sensitizes them to obesity and metabolic syndrome (74) . Furthermore, our recent data demonstrate a critical role for intestinal microflora in promoting immunity to influenza vaccine immunity. This finding may be of particular relevance in developing countries, where the efficacy of oral vaccines against polio, rotavirus, and cholera have showed a lower immunogenicity relative to efficacy in developed countries (75) (76) (77) (78) . In a study testing a live cholera oral vaccine, Lagos et al. (79) demonstrated that excessive bacterial growth in the small intestine of children in less-developed countries might contribute to the low antibody response to the vaccine. Therefore, future systems vaccinology studies should integrate metagenomics approaches to determine the composition of microflora that correlates with a particular profile of vaccine immunity. Subsequent studies should aim to experimentally perturb the microflora composition with antibiotics or probiotics and assess the impact on vaccine immunity.
In summary, recent efforts at applying systems-level approaches to vaccine development show promise, particularly in defining molecular signatures induced early after vaccination that correlate with and predict the later adaptive immune responses in humans, and are beginning to provide new insights into the immune system. Such an approach will be transformative in understanding the molecular networks underlying the immune response to vaccination in diverse human populations and will enable strategies to re-engineer these networks to generate protective immunity. Such studies should aim to obtain an integrated high-resolution picture of the dynamic changes in the expression of genes, proteins, metabolites, and cellular composition in response to vaccination, as well as the composition of the microflora before, during, and after vaccination, in diverse populations. Such analyses will undoubtedly generate a sea of data, but the meaningful analyses of large sets of data in a multitude of formats also require substantial computational technologies to facilitate data visualization, model building, and ultimately the capacity to simulate the necessary immune responses in silico. Therefore, deployment of systems biology approaches in vaccine research requires the integrated efforts of vaccinologists, clinicians, immunologists, systems biologists, and computational specialists.
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